Introduction
_ Variable speed, horizontal axis grid integration wind turbines using torque and blade-pitch control improve the captured wind energy [1] [3] . Maximun power coefficient Cp and optimum tip-speed-ratio A will be achieved using blade pitch control. The power coefficient Cp is the ratio between mechanic power and the power captured from the wind. Measures of aerodynamic losses have been considered by this coefficient. Its maximum value is given by Betz's limit (59%) [3] . The ratio between blade speed and wind speed is the tip-speed-ratio A. The tip speed-ratio is equal to:
(1)
Where w is rotor speed, R is rotor radius and V w is wind speed.
Variable speed wind turbine provides a better efficiency in partial load range. The mechanical stresses are reduced allowing a certain speed range by temporality storing energy in the rotor.
Wind turbines start to provide power from 3-4 mls wind speed. Maximum power is given for nearly wind speed to 12.5 mls. Wind speed higher than 25 mls is recommended to brake wind turbine [5] [3] . 0-7803-6456-2/00/$10.00 ©2000 IEEE 1497
There are two control methods to limit the captured wind power from 12.5 to 25 mls. Stall regulation is a passive control which uses turbulences to decrease power coefficient Cp. This control method provides a small er power than rated power. There is another kind of control based on blade-pitch control which permit to keep constant the rated power. In this work this second method will be satisfactory used.
It is also important to note that either a conventional PI Fuzzy control provides a systematic way to incorporate human experience about how to control a nonlinear process. This heuristic approach can improve the performance of the closed loop system [6] [7] .
Relevant fuzzy logic applications can be found in nonlinear control because a properly designed fuzzy controller can outperform traditional PI and PID controllers. The fuzzy controller's success is based on its ability to simultaneously process several rule implications, thus producing a more complete output.
Fuzzy logic is useful in the frame of control problems when there are not accurate process models and when only qualitative information is available. The application of fuzzy logic makes it possible to find eficient solutions in complicated systems designed from the human experience [8] .
Wind turbine model
In Fig. 1 ., it is shown the block diagram. referring to the simplifier mechanical model of a wind turbine.
The inputs of the wind turbine model are: the wind speed, the blade pitch angle and the torque of the generator. The output is the rotation speed in the high speed shaft and the generated electric power. 
Where p is the air density, R is the rotor radius, � is the blade pitch angle, A. is the desired tip speed ratio, Cp(A.,�) is the power coefficient and J is the moment of inertia of the turbine rotor.
The torque Ql that the wind turbine draws from the wind is equal to the torque in the low speed shaft QI divided by the gear box ratio, G:
The function of the gearbox is to adapt the low rotation speed of the rotor axis to the higher one in electric generator.
In this model, the air density. the rotor radius, the gearbox ratio and the moment of inertia in the high speed shaft can be defined.
A frecuency converter decouples the generator from the grid. allowing the rotor speed to vary by controlling the generator reaction torque [3] . This power converter works as a driver, controlling the torque generator by using a vectorial control strategy. Since mechanic response is slower than electric response, the dynamic of the electric generator is not included in the wind turbine model. The electric time constant is negligible compared to mechanic time constant. The designed system is controlled by a torque command. This command is instantaneously transmited to the shaft. It will be the load torque of the wind turbine. The fluctuations produced by mechanic resonances are not included in this model. 
(4)
For steady state operation at tip speed ratio for optimum power coefficient, Cpo, the equation can be reduced to: (5) This is the torque-speed equation often used for open loop variable speed control of a wind turbine. When the generator torque demand is set to K WL 2. Where wLis the measured generator speed. This ensures that in the steady state the turbine will work with an optimum tip speed ratio and the corresponding maximum power coefficient. If pitch angle control is used in the system along with variable speed, better performance is obtained. For instance, to permit the starting blade pitch angle to diff er from the operation blade pitch angle, hence allowing easier starting and optimum performance. Moreover, the power and speed can be limited through rotor pitch regulation.
At low winds it is possible to maximise energy capture following a constant tip speed ratio load line which corresponds to operation at the maximum power coefficient. This load line is a quadratic curve in the torque speed plane as it is shown in Fig.5 . During that time, the pitch angle is adjusted to a constant value, the maximum power pitch angle. At very low wind speed it is not possible to follow this curve because there is a minimum allowed operating speed. Then the wind turbine is operated at a constant speed Wmin. At high wind speed it is necesary to limit the torque Qn or power Pn of the generator to a constant value. The fuzzy process maps a crisp point of real meaning such as measured data, into fuzzy sets, by the knowledge of the input membership functions. The fuzzy inference engine then uses the rules in the rule base to produce fuzzy sets at its output, corresponding to its input fuzzy sets. The fuzzification process employed the knowledge of the output membership functions to map the output fuz zy sets into a crisp value that is usable [9] . Centroid defuzzifi cation has been used in the fuzzy controllers design. The knowledge base of the fuzzy system stores the expert knowledge on how to control the wind turbine.
All the inputs and the outputs are normalized with tuning. The control law of a fuzzy controller is represented by a set of heuristically chosen fuzzy rules. The designed fuzzy rules used in this work are givenin Table. The follOwing fuzzy sets have been defined: -L is negative large, -M is negative medium. -S is negative small , Z is zero, +8 is positive small , +M is positive
Fuzz y torque controller
The developed control system has integrated a fuzzy controller for torque control of the generator that can improve the captured energy at low wind speeds.
The block employed for torque control of the generator provides the torque command of the electric generator. Its input is the speed error . The speed error and integral speed error are scaled. This speed error is obtained from Wref (Fig.4.) , and WL (this is the measured generator speed). The output is the reference torque.
Fuzz y pitch controller
The other fuzzy system has been designed for blade Given the rules and membership functions, the fuzzy controller produces the crisp and continuous nonlinear input/output (11 0) map.
The fuzzy map indicates that numerous nonlinearities are designed to enhance the controllers ability to drive the system to the set point. Note that near the center of the map, the surface in Fig.9 . appears to be smoth. Which means that for a small operating range the fuzzy controller behaves like a linear controller. Soft and nonlinear control actions resulted from the fuzzy rules can improve the wind turbine performance. The block diagram showing the implementation of the fuzzy controllers is illustred in Fig. 10. 
Simulation results
The considered 600 KW wind turbine is equipped with a three blade and blade pitch control. Its parameters are shown in table ill . Where J and Qn are refered to the high speed shaft. Advantages of the fuzzy controllers over conventional linear controllers include nonlinear control actions and less dependence on mathematical models. Fuzzy controllers can also better reject against the noise, disturbances and parameters variations.
In this work, the fuzzy control strategy as well as allows to extract a small improvement in energy capture in low and high wind speed, they can also enhance performance in the transition betwee n power optimization and power limitation in rated wind speed.
This model bas been implemented with MA TLAB (Simulink) software and its scheme is shown in Fig. 11 . Fig.13 -16 show a improvement in energy capture and speed control in the transition betwee n power optimization and power limitation in rated wind speed.
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